Transfer of the T-DNA from the Ti plasmid ofAgrobacterium tumefaciens into plant cells involves movement of a single-stranded DNA-protein intermediate across several membrane and cell wall barriers. The 11 VirB proteins encoded by the Ti plasmid are hypothesized to form at least part of a membrane-localized T-DNA transport apparatus. Although available genetic and biochemical analyses support this hypothesis, detailed study of this transport apparatus is hindered by the fact that most available mutations in the virB operon are in the form of transposon insertions that have polar effects. In this study we constructed a transposon, Tn5virB, that can be used to generate nonpolar insertions in operons of A. tumefaciens and used it to demonstrate that virB8 is an essential virulence gene.
Agrobacterium tumefaciens is a phytopathogenic gramnegative bacterium that can efficiently transfer a portion of its Ti (tumor-inducing) plasmid into cells at wound sites in most dicotyledonous plants (2, 3, 13, 18, 32, 33) . Critical to this process are the virulence (vir) genes of the Ti plasmid. The essential vir region, required for tumorigenesis, is composed of six transcriptional units (virA, virG, virB, virC, virD, and virE) that can act in trans to generate the transferred DNA molecule (T-DNA) and mobilize it to plant cells. The virA and virG gene products form a two-component regulatory system that perceives plant-derived signal molecules and subsequently activates expression of the other vir genes involved in T-DNA processing and transfer. VirDl and VirD2 nick the Ti plasmid at 25-bp direct repeats, called border sequences, that flank the T-DNA. This results in the liberation of a single-stranded T-DNA molecule, which is then capped at its 5' end by VirD2 and coated with the single-stranded DNA-binding protein VirE2. This T-complex represents a possible transfer intermediate (33) . The processing of T-DNA by virD and virE gene products has many similarities to bacterial conjugation (24) . On the basis of this model, it has been hypothesized that a membranelocalized DNA transfer pore might exist to facilitate the movement of the T-complex out of the bacterium and into the plant cell. In A. tumefaciens, virB gene products are likely candidates to serve this function. The virB operon encodes 11 proteins, and at least three virB gene products are essential for virulence (26, 27, 29) . Sequence analysis suggests that most of the virB gene products are membrane localized, and in fact several of the VirB proteins have been found experimentally to be localized to the Agrobacterium envelope (8, 10, 30 Table 1 lists the strains and plasmids used in this study. The medium and conditions for bacterial growth were as described previously (29) unless noted otherwise. Standard plasmid isolation and cloning procedures were used in this work (1, 16 This study
give Tn5virB. In Tn5virB the virB promoter is oriented such that transcription from the promoter is directed outward from the transposon (Fig. la) . Transposition of Tn5virB from plasmid pBRABam::TnSvirB to phage Xb221 cI857 Oam29
Pam8O was then performed as described previously (6) to yield X::Tn5virB (Table 1) . (26, 27) . Wedges signify TnSvirB insertion sites resulting in A348 mutants Ax46, Ax47, and Ax42, with positions of the independent insertions at 6.77, 7.06, and 7.88 kbp, respectively. NOTES 889 (15, 19, 26, 27) , of which at least the last 3, virB9, virB10, and virBll, are essential for virulence (29) . To test Tn5virB as a tool for generating vir mutations, we first sought to isolate an insertion in virB9. When recombined onto the Ti plasmid, a Tn5virB::virB9 mutation should render the mutant avirulent, an easily testable phenotype. In addition, protein production stemming from transcription of virBlO and virBIl out of the Tn5virB element could serve as a control to test the nonpolarity of the transposon insertion. Finally, to extend our genetic analysis of the virB operon by using Tn5virB, we also sought to isolate an insertion in virB8, a gene of unknown virulence requirement.
For the mutagenesis of virB9, X::Tn5virB was used to infect Escherichia coli MC1061 harboring plasmid pJW325, a derivative of pUC119 (30) which carries the virB9, virB10, and virBll genes on a 3.6-kbp DNA insert ( Table 1) . One of the resulting Carbr Kanr plasmids, pED42, was shown by restriction endonuclease analysis to contain a properly oriented TnSvirB insertion in the virB9 gene. DNA sequence analysis (Sequenase Kit; U.S. Biochemical Corp., Cleveland, Ohio) across the 5' junction site was carried out by using an oligonucleotide primer, 5'-CCGACCCTCCCGATA ATCGTC-3', complementary to the bottom strand of the virB promoter at the -10 region (9). The results revealed that the Tn5virB insertion in pED42 had occurred near the 3' end of the 882-bp virB9 gene, 93 bp upstream of the virB9 termination codon and 92 bp upstream of the predicted virBlC ATG initiation codon (30) (Fig. lb) . A pJW200 (30) derivative plasmid, pAl6-200x (Table 1) , which includes the virB8 gene, was used as a target for virB8 mutagenesis. E. coli MC1061 containing pAl6-200 x was infected with X::Tn5virB, and this led to two Carbr Kanr plasmids, pED46 and pED47, which had acquired independent virB8::Tn5virB insertions. DNA sequence analysis revealed that the insertion in pED46 had occurred 365 bp downstream from the start of the 693-bp virB8 gene (26, 27) , whereas the insertion in pED47 had occurred 654 bp downstream from the virB8 start site (Fig. lb) . Plasmids pED42, pED46, and pED47 were each electroporated (4) into A. tumefaciens A348 and screened for the double homologous recombination of the respective virB::Tn5virB insertions onto the Ti plasmid. The successful recombinations of virB9::Tn5virB from pED42, resulting in A. tumefaciens Ax42 (Table 1) , and virB8:: Tn5virB from pED46 and pED47, resulting in strains Ax46 and Ax47, respectively, were confirmed by Southern (20) blot analysis (data not shown) with virB-specific DNA probes (Fig. lb) (30) and VirBll (8) . In addition, VirB9-specific antiserum was obtained from rabbits immunized with a 60-kDa TrpE-VirB9 fusion protein, containing the last 219 amino acids of VirB9, that was purified (12) from lysates of E. coli HB101 containing pJW265 (Table 1) . VirE2 antiserum (7) was also used to provide a comparison between the samples.
Immunoblots that were reacted with either VirBll-or VirBIO-specific antiserum revealed the AS-inducible expression of the 38-kDa VirBll protein (Fig. 2a) and the 48-kDa VirBlO protein (Fig. 2b) Tn5virB insertion site were effectively transcribed in the presence of AS. A 31-kDa AS-inducible protein was recognized by the VirB9-specific antiserum in immunoblots of extracts from strain A348 and from the virB8 mutants Ax46 and Ax47 (Fig. 2c) but not from strain 26mx (23), which contains a Tn3HoHol insertion in virB9 (data not shown). A protein similar in size to native VirB9 was detected at a very low level in immunoblots of AS-induced cell extracts from Ax42 virB9::TnSvirB with VirB9 antiserum (Fig. 2c) . Nucleotide sequence analysis across the left end junction region of the Ax42 virB9::Tn5virB insertion indicated that a coding sequence of 39 amino acids from the transposon are joined in register with the virB9 reading frame (data not presented).
Since the TnSvirB insertion site in Ax42 occurred 93 bp, or 31 codons, upstream of the virB9 stop codon, the corresponding VirB9-TnSvirB fusion protein would contain eight more amino acids than the native VirB9 protein. The very low level of the VirB9-related peptide detected in strain Ax42 (Fig. 2c) (29) , demonstrates that the level of VirB9 protein was significantly increased following AS induction (Fig. 2c) .
Virulence assays. The Tn5virB::virB mutant strains were then assayed for their ability to induce tumors on susceptible host plants. The results showed that strains Ax42, Ax46, and Ax47 were avirulent on both Kalanchoe daigremontiana (Fig. 3a) and Nicotiana tabacum ( Table 2) . We found that the virulence of these strains was restored when the individual virB gene product missing in these mutants was supplied in trans by virB expression plasmids pED37 (for Ax42) or pED52 (for Ax46 and Ax47) ( Fig. 3 ; Table 2 ). The avirulence of the Ax42 mutant on both K daigremontiana (Fig. 2a) and N. tabacum ( Table 2 ) also indicated that the VirB9-related peptide expressed at a low level in strain Ax42 (Fig. 3c) is either functionally impaired, expressed at a level below that needed for detection of virulence in our assays, or both. More importantly, these results demonstrate that the virB8 gene product is required for T-DNA transfer to plants byA. tumefaciens. Thus, at least the last four genes of the large virB operon are necessary for T-DNA transfer (29) . Currently nothing is known regarding the function of the VirB8 protein, which has been reported to localize to the inner membrane of A. tumefaciens (33) .
In both plant virulence assays, the tumorous growth resulting from the complemented mutant strains was not as marked as that resulting from A348. The more quantatative N. tabacum leaf disk assay, in which equivalent inoculum concentrations were used, demonstrated that the presence of complementing plasmids restored the virulence of the mutants to 60 to 80% of that observed with the wild-type strain A348 or A348 carrying the virB promoter control plasmid pED8 (29) ( Table 2 ). This observation is interesting in light of the suspected stoichiometric relationship between VirB9, VirB10, and VirB1l protein levels in regard to the efficiency of T-DNA transfer reported previously (28) . Examination of the virB sequence has led several groups to propose that translational coupling between the virB8-virB9 and virB9-virBlO genes may be important in the expression of these genes (25) (26) (27) . Therefore, interference of translational coupling between these genes as a result of TnSvirB insertion into virB8 or virB9 may underlie the attenuated virulence we observed with the complemented mutants.
